The electrochemical quartz crystal microbalance (EQCM) has been well established as a powerful tool capable of responding in situ to an electrode mass change down to the nanogram level in electrochemical processes in a liquid solution.
The electrochemical quartz crystal microbalance (EQCM) has been well established as a powerful tool capable of responding in situ to an electrode mass change down to the nanogram level in electrochemical processes in a liquid solution. 1 Compared with the conventional EQCM that generally records the oscillation frequency shift of a piezoelectric quartz crystal (PQC), the electrochemical quartz crystal impedance system (EQCIS) allows a simultaneous and rapid measurement of electroacoustic impedance (or admittance) data of the PQC resonance during electrochemical perturbations, and can thus provide direct insight into the foreign film rigidity through analyzing multidimensional piezoelectric information that characterize the PQC resonance very completely. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The PQC impedance has been analyzed based on a Butterworth-Van Dyke (BVD) equivalent electrical circuit composed of a motional arm and a static arm in parallel. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The motional arm contains three equivalent circuit elements in series: the motional resistance (R1), the motional inductance (L1) and the motional capacitance (C1), while the static arm contains only the static capacitance (C0), and each equivalent circuit parameter has its distinct physical meaning. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The equivalent circuit parameters can be obtained by the simultaneous fitting of the experimental data of the conductance (G) and susceptance (B) of the PQC resonance to the BVD model. [7] [8] [9] [10] [11] Four independent parameters are obviously required as estimation parameters during the fitting: e.g. R1, C0 and two parameters among L1, 1/C1 and f0. The G and B equations of the BVD model used for the fitting are given as follows:
where ω = 2πf, U = ωL1 -1/(ωC1) = (1/C1)(ω/ω0 2 -1/ω), ω0 = 2πf0, and Y is the admittance of the PQC resonance.
In addition, the following five characteristic frequencies of the PQC resonance and the half peak width of the conductance peak (∆fG1/2) were mentioned and used previously: [7] [8] [9] [10] [11] (2) (3) s 2 = (2 f s ) 2 ω π
(5) (6) ∆fG1/2 = fHG1/2 -fLG1/2 = fBmin -fBmax = R1/(2πL1) = f0/Q,
where f0 is the resonant frequency at which the reactance (X) and susceptance (B) of the motional arm vanish; fs and fp are the series resonant frequency and the parallel resonant frequency, which are the lower frequency and the higher frequency where the X and B of the BVD circuit vanish, respectively; fHG1/2 and fLG1/2 are the higher and lower frequencies at the half peak height in the G spectrum, fBmin and fBmax are the frequencies at minimum and maximum B values, respectively, and Q is the quality factor and Q = 2πf0L1/R1 = 1/(2πf0R1C1); all symbols are in their international units. We derived Eqs. (3) - (7) from the BVD model without any approximation; hence, these equations are valid for the PQC resonance not only in the gaseous phase, but also in the liquid phase.
8,10
Kanazawa et al. proposed an equation depicting the oscillation-frequency response of a PQC to the solution density and viscosity. 14 Later, Martin et al. derived a series of equations of equivalent-circuit parameters for a PQC with simultaneous mass and liquid loading. 12 According to Martin's equations, ∆f0L, ∆RL and ∆LL are all linearly related to the change in (ρLηL) 1/2 ; therefore, we can obtain the following equation that reflects a net liquid loading effect: (8) where δ∆fG1/2L, ∆f0L, ∆RL and ∆LL are the changes in ∆fG1/2, f0, R1 and L1 due to variations of the solution density (ρL) and viscosity (ηL), respectively, f0g is the resonant frequency in air, ρq (2648 kg m -3 ) and µq (2.947 × 10 10 N m -2 ) are the density of quartz and the shear modulus for the AT-cut quartz, respectively, Lq is the motional inductance for the PQC in air, and c  66 (2.957 × 10 10 N m -2 ) is the lossy piezoelectrically stiffened quartz elastic constant. 2, [7] [8] [9] [10] [11] [12] One pronounced significance of Eq. (8) lies in that, if experimental responses of ∆R1, ∆f0, ∆L1 and δ∆fG1/2 satisfy (9) ∆R1, ∆f0, ∆L1 and δ∆fG1/2 should be completely governed by variations in the density and viscosity of the local solution near the PQC electrode surface; otherwise, other factors, such as mass changes, may be effective. 9 It is expected that the larger the absolute value of ∆f0/∆R1, the more predominant the mass effect. According to Eq. (9) , the values of the slope of ∆f0L vs. ∆R1L is ca. -10 and -1.8 Hz Ω -1 for 9-MHz and 5-MHz quartz crystals. These slope values are, in fact, a characteristic of a net liquid-loading effect.
In addition, with an electromechanical model of the PQC resonance depicted by Muramatsu et al., 13 the motional resistance is equivalent to the force of friction on the quartz
surface against the shear oscillation of the PQC (note that the oscillation displacement is parallel to the quartz surface); therefore, a rougher surface of the PQC electrode, and thus a stronger force of friction, are certainly expected to bring about a greater value of R1,
where r is the force of friction, k is the electromechanical coupling factor, A is the surface area of the PQC electrode, and ω is the angular resonant frequency of the PQC.
Analyses of the aforementioned parameters allow one to draw a very complete picture of the PQC resonance both in the liquid phase and in air, from which one may simultaneously obtain information reflecting changes in the electrode mass, the local density and viscosity of the medium near the electrode, and the electrode surface roughness. However, one should keep in mind that, at most, 4 resonance parameters of the PQC are independent of one another, provided that the BVD model is used. Therefore, we generally give responses of R1, f0, ∆fG1/2, and C0 in this work.
Self-assembled monolayers (SAMs) of organothiols have attracted much attention because of their great promise for scientific research and technological exploration. 15, 16 Among considerable SAM applications, Rubinstein et al. proposed a concept concerning morphology control in an electrochemically grown conducting polymer via precoating the metal substrate with an organic monolayer. 17 Their in situ ellipsometry and quartz crystal microbalance (QCM) measurements revealed a some 80% higher density of polyaniline films deposited galvanostatically on Au electrodes precoated with an SAM of 4-aminothiophenol (4-ATP) than similar polymers deposited on bare Au electrodes (1.8 -2.1 vs. 1.07 -1.08 g cm -3 ); also, they have argued an unusually high density value of 1.8 -2.1 g cm -3 via a beam-probed local nonuniformity of the PANI film and an underestimation of the optical thickness. However, their QCM studies were based only on an oscillation-frequency reading, and they did not provide any intuitionistic results, such as SEM pictures, of the film's morphology either. As stated above, although EQCIS measurements can probe changes in the electrode mass, the medium density and viscosity, and the surface roughness, the morphology change of the conducting polymer was seldom investigated by this technique. Therefore, a detailed comparative study on polyaniline films grown on bare and 4-ATP-modified gold electrodes using the electrochemical quartz crystal impedance system and SEM may be valuable for obtaining new insight into the viscoelasticity and morphology of these PANI films. It is also worthy mentioning that the concept concerning morphology control of an electro-synthesized conducting polymer proposed by Rubinstein et al. has been extended to polypyrrole, e.g., a self-assembled monolayer containing terminal pyrrolel groups on an Au electrode can improve the adhesion and morphology of an electrodeposited polypyrrole film. 18, 19 
Experimental

Instrumentation and chemicals
The EQCIS used in this work is described in Fig. 1 Admittance measurements were conducted under conditions of 201 points, a frequency span of 60 kHz covering the resonant frequency of the PQC, an IF BW value of 10 kHz, and a source power of 0.5 dB m. Real-time analyses of the acquired admittance data were also conducted using the same VB 5.0 program by fitting each group of G and B data to the BVD model based on a Gauss-Newton nonlinear least-squares fitting algorithm. R1, C0, f0 and 1/C1 were generally chosen as estimation parameters during the fitting. Equivalent-circuit parameters were obtained at a time interval of ∼1.6 s and displayed continuously during admittance measurements when the sum and the relative sum of residual squares had become minimum. [7] [8] [9] [10] [11] The program is available from the authors upon request. We only selected 51 groups of G and B versus frequency data from the 201 groups of experimental data for the non-linear fitting here, and the center frequency of the 51 groups of data was always the frequency giving the maximum G value. This method can save fitting time and reduce errors resulting from the time hysteresis while recording one G or B spectrum, since 0.22 s was experimentally required for recording the G and B spectra at the 201 frequency points, but only 55 ms was needed for the selected 51 frequency points.
AT-cut 9 MHz piezoelectric quartz crystals (1.25 cm in diameter) were used here. The PQC was fixed between two Oshaped rubber rings via two glass holders and two elastic rubber bands, as also shown in Fig. 1 . An Au electrode of 0.65-cm diameter on one side of the PQC was in contact with the solution and served as the working electrode (WE), while a gold electrode on the other side of the PQC was located in air. The gold electrode (WE) surface was treated with H2SO4 + H2O2 (v/v 3:1) for 5 min and thoroughly rinsed with pure water prior to use. The surface roughness of the gold electrodes was estimated from values of the transition time in the galvanostatic oxidation process of 3.00 × 10 -3 mol L -1 potassium ferrocyanide in 0.5 mol L -1 Na2SO4 aqueous solution, using a diffusion coefficient of 6.5 × 10 -6 cm 2 s -1 of the ferrocyanide ion. 20 Values of the roughness factor among 1.3 to 1.4 were found. A surface-roughness factor of 1.35 was therefore assumed and used in estimating the surface coverage of 4-ATP molecules on gold by the Sauerbrey equation. A saturated KCl calomel electrode (SCE) with a supporting electrolyte salt bridge served as a reference, and all potentials in this work were referenced to it. A glassy carbon plate served as a counter electrode. A glass three-electrode electrolytic cell was used. The water used was doubly distilled with a quartz doubledistillation set. 4-ATP was purchased from Sigma and used as received. All reagents were of analytical grade or better quality. SEM photographs were taken on a Hitachi S-570 SEM. All experiments were conducted at room temperature.
Procedures
Prior to the PQC admittance measurements, the HP 43961A impedance test adapter and the HP 16092A test fixture were calibrated and compensated using HP standard impedance kits. The electrochemical impedance (EI) was simultaneously measured during the PQC admittance measurements. The EI measurement frequency was set to be sufficiently high, so that the electrochemical interface could be simplified as a circuit of Re in series with Cd, 10, 21 where Re denotes the electrolyte resistance and Cd is the double-layer capacitance.
The "wet" frequency shift (∆f0L = f0L2 -f0L1) and the "dry" frequency shift (∆f0g = f0g2 -f0g1) after aniline polymerization were measured as follows. Before aniline polymerization, the stable frequency of the 9-MHz crystal in air was recorded as f0g1, and the stable frequency of the 9-MHz crystal immersed in a specific polymerization solution was recorded as f0L1. After the galvanostatic polymerization of aniline, the electrode potential was switched to -0.2 V vs. SCE for 1 min to allow removal of the anion dopant; the stable frequency was simultaneously recorded as f0L2. The PANI-coated Au electrode was then taken out from the solution, followed by rinsing immediately with sufficient distilled water and drying thoroughly using a stream of nitrogen flow. The stable frequency in air was recorded as f0g2.
Results and Discussion
Adsorption of 4-aminothiophenol onto an Au electrode
Prior to a discussion of the electrochemical quartz crystal impedance responses to aniline polymerization on 4-ATPmodified and bare gold electrodes, it is useful to examine the adsorption of 4-ATP molecules onto an Au electrode. Figure 2 shows typical responses of ∆R1, ∆f0, ∆fG1/2, ∆C0, ∆Re and ∆Cd obtained simultaneously during the adsorption of 4-ATP on an Au electrode. The changes in R1 and ∆fG1/2 were very small, implying that 4-ATP molecules adsorbed on the gold electrode behaved rigidly, and the effects of the solution density and viscosity induced by the thiol addition could be neglected. Therefore, ∆f0 can be well used as a measure of the adsorbed amount of 4-ATP molecules via the Sauerbrey equation, and the ∆f0 versus time curve reflects the adsorption rate. Similarly, the dynamic change in Cd should also reflect the adsorption kinetics, as discussed below.
The simplest way to describe the observed kinetics is to consider two consecutive processes occurring at the interface:
615 ANALYTICAL SCIENCES MAY 2001, VOL. 17 Fig. 1 Schematic representation of the EQCIS used in this work (not to scale). CE, the counter electrode; RE, the reference electrode with a supporting electrolyte salt bridge; WE, the working electrode; OE1, oscillation electrode 1 (Au, touch the solution) for the PQC; OE2, oscillation electrode 2 (in air) for the PQC. 1, magnetic stirring bar when needed; 2, O-shaped rubber rings; 3, PQC; 4, outer glass holder; 5, inner glass holder. 4 and 5 were connected through two elastic rubber bands (dashed lines) to allow the tight touch of the two O-shaped rings to the fringe surfaces of the PQC.
The second process can be associated with a modification of the structure of the adsorbed molecules (i.e. molecular rearrangement). Therefore, the response (r) may be expressed as a sum of two exponential functions, 10, 21 r(t) = a0 + a1e
where τ1 and τ2 are the time constants, which reflect the rates of the first and second processes, respectively. The results after fitting the ∆f0 and ∆Cd responses are given as a0 = -20.6 Hz, a1 = 11.6 Hz, a2 = 7.2 Hz, τ1 = 25 s and τ2 = 380 s for ∆f0; and a0 = -2.28 µF, a1 = 1.63 µF, a2 = 0.66 µF, τ1 = 68 s and τ2 = 1182 s for ∆Cd. It is obvious from Eq. (12) that the value of a0 for ∆f0 corresponds to the total frequency shift at t → ∞. Therefore, according to the Sauerbrey equation, the a0 value for ∆f0, -20.6 Hz, corresponds to the surface coverage of 4-ATP of 6.66 × 10 -10 mol cm -2 or 4.01 × 10 14 molecules cm -2 (true area), which agrees roughly with the coverage expected for a thiol monolayer on Au. 15, 16 Moreover, the cross-sectional area of an adsorbed 4-ATP molecule can be estimated to be 2.49 × 10 -15 cm 2 .
In addition, the EQCIS data shown in Fig. 2 reveal some differences between the responses of the frequency and the double-layer capacitance. It is discernable that the decreasing rates of the resonant frequency and the double-layer capacitance be quite comparable in the early stage of monolayer formation; however, after the rapid adsorption period the double-layer capacitance decreased at a somewhat greater decreasing rate than the resonant frequency. A straightforward interpretation of this observation may be made as follows. The frequency information reflects the mass change during adsorption, while the double-layer capacitance reflects changes in the dielectric properties of the gold|solution interface. During the early stage of adsorption with most active sites for adsorption unoccupied, 4-ATP molecules could adsorb on the Au electrode surface randomly and rapidly, leading to the relatively abrupt decreases in both the resonant frequency and the double-layer capacitance. When the active sites were occupied almost completely, a rearrangement of the adsorbed 4-ATP molecules occurred significantly. The mass-related frequency change during the rearrangement of the adsorbed molecules should be minor, due to less adsorption of additional 4-ATP molecules in this process. However, the dielectric change would continue notably even in the rearrangement process in order to develop a more ordered and compact monolayer due to self-assembling. The doublelayer capacitance is thus expected to decrease continuously, since the randomly adsorbed molecules in the initial stage were more disordered and less compact. These results show that the double-layer capacitance is more sensitive to the rearrangement process than the resonant frequency. The time (τ2) constants obtained by fitting the EQCIS responses to Eq. (12) roughly reflect the sensitivity tendencies of ∆f0 and ∆Cd, since the τ2 value for ∆f0 is significantly smaller than that for ∆Cd, while the difference of the τ1 values is small. Figures 3 and 4 show responses of R1, f0, ∆fG1/2, C0 and the 616 ANALYTICAL SCIENCES MAY 2001, VOL. 17 With a view to effects of the surface modification of a 4-ATP self-assembled monolayer on the EQCIS responses under identical conditions of the polymerization medium, the current density, and the "wet" frequency shift, some important features are addressed, as follows: (I) In all cases during and after the galvanostatic polymerization of aniline, increases in R1 were significantly larger on bare gold electrodes than those on 4-ATP-modified ones, though each change in R1 was not very large, and a maximum value of ∆R1 (42.7 Ω) was found at the end of the galvanostatic polymerization of aniline (36 µA cm -2 ) in a 0.100 mol L -1 aniline + 1.0 mol L -1 H2SO4 aqueous solution. Simultaneously, f0 decreased with increasing the polymerization time, indicating a continued growth of PANI on these electrodes; also, the decreasing rate of frequency (apparent deposition rate of PANI) on a bare gold electrode was roughly close to that on a 4-ATPmodified Au electrode, provided that all other polymerization conditions remained the same. These aniline-polymerization experiments were stopped when identical frequency shifts for bare and 4-ATP-modified Au electrodes were achieved. Since R1 changed slightly (within 1 -2 Ω) when the used polymerization solution was replaced with a fresh one, changes in R1 induced by the oxidation of aniline and the formation of soluble aniline oligomers (i.e. local changes in the solution density and viscosity near the electrode surface) should be minor, and the notable changes in R1 mentioned here should reflect mainly the properties of PANI films in the solutions. In principle, R1 represents the energy dissipation of the quartz crystal resonance into the surrounding environment. As is well known, viscous loading (liquid and/or foreign viscous film loading) can result in a large increase in R1. 1, 8, 9, [11] [12] [13] In addition, roughing the electrode surface can also increase R1, 7 though the response sensitivity of R1 to the electrode surface roughness is lower than that to the liquid and foreign viscous film loading. A slight increase in R1 (∆f0/∆R1≈-300 Hz Ω -1 ) was found during the deposition of silver onto gold in a 2.0 mmol L -1 AgNO3 + 0.20 mol L -1 HClO4 aqueous solution, and has been ascribed to an increase in the electrode surface roughness, owing to the introduction of silver particle deposits, and thus an increase in the force of friction against the PQC oscillation and/or resonance. 7, 8, 13 In the silver deposition case, regardless the detectable increase in R1, we can by no means state that the deposited silver particles are not rigid, as also confirmed by an SEM observation (Fig. 5 ) that each silver particle (ca. 0.1 -0.2 µm size, and distributed almost homogeneously on the Au electrode surface, but separated distinctly from one another) was very compact. The absolute values of the "wet" frequency shift were greater than those of the "dry" frequency shift by only ca. 5% for the silver deposits, 7, 8 and the Sauerbrey equation could be well used to evaluate the true mass of silver deposits in the solution (only 5 -7% deviation from electric charge estimations assuming a 100% current efficiency of this system 22 ). 7, 8 We can obtain absolute values of ∆f0/∆R1 between 183 and 2100 Hz Ω -1 from Figs. 3 and 4, being significantly larger than that of the characteristic value of ∆f0/∆R1, reflecting a net liquid loading (10 Hz Ω -1 ), but comparable with, or larger than, that obtained in our previous EQCIS study on silver deposition (300 Hz Ω -1 ). 7, 8 Therefore, we may reasonably state that (1) PANI deposition; (2) the larger values of ∆R1 observed on bare Au electrodes reveal that PANI films grown on bare Au electrodes are rougher and less compact than those grown on 4-ATP-modified Au electrodes; and (3) the PANI backbone is highly rigid, and the Sauerbrey equation can be reasonably used to evaluate the "wet" mass of PANI films (i.e. the total mass of the PANI backbone and the solution entrapped therein), otherwise, a much greater value of ∆R1 is expected for a frequency shift of several-thousand Hertz. SEM observations toward the film morphology support the above conclusion on difference in the compaction of PANI films grown on bare and 4-ATP-modified Au electrodes, as given later. (II) For each group of PANI-growth experiments, we always observed a more significant decrease in C0 on the bare Au electrode than on the 4-ATP-modified Au one. Theoretically, the static capacitance (C0) reflects the dielectric properties between the two PQC electrodes. We consider that C0 is, in principle, the parallel combination of Cq and Ce. Cq consists of the two PQC electrodes and the quartz crystal wafer sandwiched between them. Ce, with an effective distance of he and an apparent permittivity of ε between the two PQC electrodes, results from the environment-related dielectric connection constructed by the two PQC electrodes, the foreign film modified on the working electrode surface (if exist), the contacted solution, and the quartz crystal wafer. Therefore, we obtain the following equation of C0:
Comparisons of EQCIS responses during the galvanostatic growth of polyaniline (PANI) films on bare and 4-aminothiophenol modified Au electrodes
where εq, Aq and hq are the permittivity of quartz, the overlapped electrode area of the two PQC electrodes and the PQC thickness, respectively; A is the surface area of the electrode facing the solution.
During the galvanostatic growth of PANI films, because Cq is hardly expected to change significantly, decreases in C0 should reflect changes in Ce, e.g., a decrease of εeA and/or an increase in he. It is difficult to depict quantitatively the behaviors of εeA and he at present, and possible differences of the conductivity and the permittivity of the PANI film on a bare Au electrode from those on a 4-ATP-modified Au electrode might complicate the behaviors of Ce. More significant decreases in C0 during and after the galvanostatic growth of PANI on bare Au electrodes qualitatively demonstrate greater dielectric responses between the two PQC electrodes than those on the 4-ATPmodified Au electrodes. One of the causes for the smaller decrease on a 4-ATP-modified Au electrode may be a previous decrease in the interfacial capacitance during precoating a 4-ATP self-assembled monolayer, as shown in Fig. 2 , but the interfacial capacitance for the bare Au electrode was still at a relatively high level. (III) The responses of ∆fG1/2 were very similar to those of ∆R1. ∆fG1/2 also reflects changes in the resistance against the PQC resonance/oscillation, and thus a viscous loading and/or a rougher electrode surface will certainly increase ∆fG1/2, though the roughness effect is smaller than the viscous loading effect. Since L1 changed very slightly during and after the galvanostatic polymerization of aniline (relative deviation below 1%), ∆fG1/2 is thus an analogy to ∆R1, but is expressed in Hz according to Eq. (7), and thus conclusions similar to those given in the above discussion of ∆R1 could be drawn by inspecting values of ∆f0/∆fG1/2.
(IV) Simultaneous recording of the working electrode potential revealed some nature about PANI deposition. The potential peak soon after the galvanostatic perturbation was significantly lower after the Au electrode was precoated with a 4-ATP selfassembled monolayer. This finding may imply mainly that a modification of a 4-ATP monolayer facilitates the galvanostatic polymerization of aniline; namely, a less positive potential could initiate the anodic deposition of polyaniline. It should be noted that this finding can be hardly ascribed to the depolarization effect resulted from the oxidation of the 4-ATP monolayer soon after the anodic galvanostatic perturbation, since the charge consumed in the potential peak period is much greater than that required by the oxidation of the 4-ATP monolayer.
The above discussion based on ∆f0/∆R1 and ∆f0/∆fG1/2 has reached a conclusion that PANI films grown galvanostatically on 4-ATP-modified Au electrodes are smoother and more compact than those grown on bare Au electrodes, and the Sauerbrey equation can be reasonably used to measure the "wet" mass of all PANI films (i.e. the total mass of the PANI backbone and the solution entrapped in PANI films). Therefore, a comparison between the "wet" and "dry" frequency shifts allows one to evaluate the mass of the solution entrapped in a PANI film. Table 1 shows the results of ∆f0L and ∆f0g of the PANI films obtained in the experiments shown in Figs. 3 and 4. One striking feature is the observation of significantly greater values of ∆f0g, and thus greater mass values of the PANI backbone for PANI films grown on 4-ATP-modified Au electrodes than those on bare Au electrodes, though ∆f0L for the two kinds of PANI films, which reflect the total mass of the PANI backbone and the solution entrapped in PANI films, were almost the same. The mass values of the polymerization solution entrapped in PANI films were thus easily estimated, and are shown in Table 1 . Obviously, it is further proven that PANI films grown on 4-ATP-modified Au electrodes are more compact due to the uptake of less solution (smaller values of the mass percentage of entrapped solution, ms/mt) and greater mass values of the polymer backbone. In addition, the galvanostatic deposition efficiency of polyaniline was obviously larger on a 4-ATP-modified Au electrode, since the "dry" mass value was significantly larger than that on a bare Au electrode, but the polymerization time length was almost the same, as shown in Figs. 3 and 4 . We note that the differences between ∆f0L and ∆f0g are significantly larger in the present PANI deposition case than in the silver deposition case investigated previously. 7, 8 This can be understood as follows. The solution could be inserted into the space enclosed by the PANI backbone, since linearity polyaniline chains here may easily grow to a threedimensional structure capable of entrapping much solution, especially on a bare Au electrode without precoating a wellordered PANI-growth precursor (here a self-assembled monolayer of 4-ATP). However, the solution could hardly insert into the silver deposits, since the silver agglomerates were very tight and separated farther from one another than the PANI ones (see the SEM pictures shown in Fig. 5) , and only the concomitant oscillation of the solution intimately surrounding each silver agglomerate might contribute to the difference between ∆f0L and ∆f0g for the silver deposits, hence, only some 5% deviation between ∆f0L and ∆f0g was observed.
Although this work is mainly intended to show that the PQC resonance parameters could respond to the morphology of PANI films, some preliminary studies on the electrochemical behaviors of PANI films galvanostatically grown on 4-ATPmodified and bare Au electrodes were still carried out using cyclic voltammetry (CV) and electrochemical impedance (EI) versus potential (E) measurements. Although the "dry" mass of PANI grown on 4-ATP-modified Au electrodes were markedly larger, only minor differences in the responses of R1, f0, ∆fG1/2, C0 and the current of the two kinds of PANI films were 618 ANALYTICAL SCIENCES MAY 2001, VOL. 17 observed during potential cycling between -0.2 and 0.45 V vs. SCE, implying that precoating a 4-ATP monolayer slightly affects the electroactivity of deposited PANI films. However, a pronounced difference was observed in the EI versus E experiments, where both the real (Zre) and imaginary (Zim) parts of EI for the PANI film grown on the bare Au electrode changed more significantly than that on the 4-ATP-modified Au electrode, as shown in Fig. 6 . This finding may suggest that changes in the film conductivity and capacitance were smaller on the PANI/4-ATP/Au electrode, if we consider that the frequency used here (5000 Hz) was sufficiently high, and the electrode|solution interface can thus be approximated as a series RC circuit. Accordingly, we assume here that the morphology change of the PANI film through precoating a 4-ATP monolayer on the Au electrode mainly influences changes in the film conductivity and capacitance during potential switching, rather than its electroactivity.
Comparisons of SEM photographs of PANI films galvanostatically grown on bare and 4-aminothiophenolmodified Au electrodes
More intuitionistic evidence toward a morphology improvement of PANI films through precoating a 4-ATP selfassembled monolayer can be obtained from the SEM photographs shown in Fig. 5 . In these pictures, the large cracks are due to the primal surface roughness of the gold electrodes; small-sized and protuberant agglomerates are PANI. An SEM picture of silver deposits is also shown here for a morphology comparison, since in this work we have concluded a response mechanism of ∆R1 during PANI deposition similar to that during silver deposition. Some important features can be identified as follows: (1) all PANI deposits grown galvanostatically were uniformly distributed on the Au electrodes, with a distance below ca. 0.15 µm between two small and neighboring PANI agglomerates; (2) it is not difficult to discern the smoother surface of PANI films grown on 4-ATP modified Au electrodes, though the morphology improvement through precoating a 4-ATP self-assembled monolayer was not very drastic. In summary, the SEM observations shown here clearly confirm that the PQC resonance parameters observed during PANI deposition are able to reflect changes in the film morphology.
Conclusion
An electrochemical quartz crystal impedance system was used for the first time to investigate the morphology improvement for PANI films grown galvanostatically through precoating a 4-ATP self-assembled monolayer, and the modification of 4-ATP on an Au electrode was also monitored in situ by this system. We found that, at a comparable level of the "wet" frequency shift, the increase in the motional resistance during the galvanostatic deposition of PANI on a 4-ATP-modified Au electrode was significantly smaller than that on a bare Au electrode, regardless of the different polymerization media (H2SO4 and HClO4) and current density values (12 and 36 µA cm -2 ) used. In addition, the "dry" frequency shift corresponding to the mass of the PANI backbone was significantly increased via a 4-ATP modification. These findings allow us to conclude that PANI films grown on bare gold electrodes are rougher, less compact, and can uptake much solution; also, the deposition efficiency of PANI is higher at a 4-ATP-modified Au electrode. SEM observations confirmed the morphology improvement via precoating a 4-ATP self-assembled monolayer. Therefore, we may conclude that the EQCIS is a satisfactory in situ technique responding to the morphology change of a rigid organic polymer.
